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We use NMR techniques to investigate the magnetic properties of BaCo2As2 single crystals,
the non-superconducting end member of the Co-substituted iron-pnictide high Tc superconductor
Ba(Fe1−xCox)2As2 with x = 1. We present
75As NMR evidence for enhancement of low frequency
spin fluctuations below ∼ 100 K. This enhancement is accompanied by that of static uniform spin
susceptibility at the wave vector q = 0, suggesting that the primary channel of the spin correlations
is ferromagnetic rather than antiferromagnetic. Comparison between the NMR Knight shift 75K and
bulk susceptibility χbulk data uncovers the presence of two separate components of spin susceptibility
with distinct temperature dependences, presumably because multiple electronic bands crossing the
Fermi energy play different roles in the electronic properties of BaCo2As2
PACS numbers: 74.70-b, 76. 60-k
I. INTRODUCTION
An intriguing aspect of the iron-based high Tc super-
conductor LaFeAsO1−xFx (Tc ∼ 28 K) [1] and related
compounds such as Ba(Fe1−xCox)2As2 (Tc ∼ 22 K) [2]
is their flexible nature in substituting atoms. For ex-
ample, one can systematically alter the electronic prop-
erties of Ba(Fe1−xCox)2As2 by increasing the Co con-
tent from the Spin Density Wave (SDW) ordered parent
phase BaFe2As2 (TSDW = 135 K) [3], the superconduct-
ing phase Ba(Fe0.92Co0.08)2As2 (Tc ∼ 22 K) [2], and to
the overdoped non-superconducting phase with x ∼ 0.15
or greater [4, 5]. When the Co concentration exceeds
x ∼ 0.15, the Fermi surface nesting effects between the
hole bands at the center of the Brillouin zone and the
electron bands at the edge of the Brillouin zone diminish
[6]. In addition, the enhancement of antiferromagnetic
spin fluctuations (AFSF) observed for the superconduct-
ing phase [7, 8] is suppressed in the overdoped region
above x ∼ 0.15 [9], suggesting a link between the nest-
ing effects, AFSF, and the superconducting mechanism.
Recalling that KFe2As2 with one less electron within the
FeAs layers is a low Tc superconductor [3], a natural ques-
tion to ask is, what happens if one keeps increasing the
Co content x, and reaches BaCo2As2? Would the ex-
tra 3d electron at Co sites completely alter the electronic
properties of BaCo2As2 from that of BaFe2As2?
We attempted to address these questions by synthesiz-
∗Electronic address: e-mail: ningfl@zju.edu.cn
ing BaCo2As2 single crystals, and measuring their bulk
properties [10]. The in-plane electrical resistivity ρab
shows a metallic behavior with a quadratic T 2 tempera-
ture dependence below ∼ 60 K, with a modestly large
resistivity coefficient Aab ∼ 2 × 10
−3 µΩ cm2. The
bulk susceptibility χbulk undergoes a strong enhance-
ment toward T = 0. In the T = 0 limit, the bare
magnetic susceptibility data measured along the c-axis,
χbulk ∼ 5.4 × 10
−3 emu/mol, is enhanced by a factor
of ∼ 23 over the results of LDA (local density approxi-
mation) calculations, χLDA ∼ 2.4 × 10
−4 emu/mol [10].
(We define the magnetic susceptibility for the formula
unit throughout this paper.) The linear specific heat co-
efficient γ ∼ 20.5 (mJ/K2 mol-Co) also implies a modest
mass renormalization of ∼ 2 [10]. LDA results satisfy
the mean-field Stoner criterion of ferromagnetism, and
found a stable ferromagnetic ground state with a sizable
ordered moment, 0.42µB/Co, even though BaCo2As2 ex-
hibits no evidence for a ferromagnetic long range order in
bulk physical properties [10] or microscopic NMR data,
as shown below. The LDA results therefore hint the
presence of strong ferromagnetic spin correlations [10].
Recent ARPES (Angle Resolved Photo Emission Spec-
troscopy) measurements indeed showed that an electron
pocket rather than a large hole pocket constitutes the
primary Fermi surface centered around the Γ point, elim-
inating the possibility of the quasi-nesting effects of the
Fermi surface that tend to favor antiferromagnetic corre-
lations [11, 12]. On the other hand, by merely replacing
Ba2+ ions in BaCo2As2 with Sr
2+ ions, it is demonstrated
that SrCo2As2 has stripe antiferromagnetic correlations,
and χbulk decreases toward T = 0 [13, 14]. The contrast-
2ing behavior between BaCo2As2 and SrCo2As2 despite
their analogous structures suggests that intricate details
of the crystal structure, bond angles, crystal fields, and
probably the electronic band structure affect their phys-
ical properties.
In this article, we will attempt to shed new light on
the physical properties of BaCo2As2 through a micro-
scopic NMR investigation. From the measurements of
75As NMR Knight shift 75K and nuclear spin-lattice re-
laxation rate 1/T1, we probe the nature of electronic cor-
relations. Our results suggest that ferromagnetic spin
fluctuations indeed begin to grow below about 100 K.
On the other hand, comparison between 75K and χbulk
data reveals that there is a large temperature indepen-
dent component in χbulk which has only a small contri-
bution to 75K. We therefore conclude that multiple 3d
bands play different roles in BaCo2As2.
The rest of this paper is organized as follows. In
section II, we will briefly describe the experimental
procedures. Results and discussions, and comparison
with earlier NMR works on various compositions of
Ba(Fe1−xCox)2As2 will be detailed in section III. We will
summarize and conclude in Section IV.
II. EXPERIMENTAL
We grew BaCo2As2 single crystals out of CoAs flux.
The details of the growth procedures and bulk charac-
terization are described in [10]. We carried out NMR
measurements by assembling several pieces of small sin-
gle crystals on a sample holder, and applying an external
magnetic field along the aligned crystal c-axis. Typical
dimensions of the crystals were ∼ 1 mm × 1mm × 0.1
mm. We estimate the total mass of our NMR sample as
a few mg. We employed a standard pulsed NMR spec-
trometer for spin echo measurements.
III. RESULTS AND DISCUSSIONS
1. 75As NMR lineshapes and 75νcQ
In Fig. 1, we present representative 75As NMR line-
shapes observed at various temperatures in a magnetic
field of B = 7.734 T applied along the aligned crystal
c-axis. 75As nuclear spin is I = 3/2, hence we observe
three distinct transitions at 290 K; the large sharp peak
near 56.69 MHz arises from the Iz = +1/2 to −1/2 cen-
tral transition, while two additional broad peaks located
near 56.14 and 57.22 MHz are from the Iz = ±3/2 to
±1/2 satellite transitions. The growing width of the cen-
tral peak at lower temperatures is primarily caused by a
distribution of the Knight shift 75K.
The splitting 75νcQ between the central and two satel-
lite transitions is caused by the nuclear quadrupole inter-
action. The broader lineshape of the satellites reflects a
sizable distribution of the c-axis component of the nuclear
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FIG. 1: (Color Online) Representative 75As NMR lineshapes
observed in a magnetic field B = 7.734 T applied along the
aligned c-axis of single crystals. A downward arrow marks
the central transition at 290 K, while dashed arrows mark
the satellite transitions split from the central transition by
|75νcQ| ∼ 0.55 MHz. For clarity, we shifted the origin of the
horizontal axis for different temperatures. The vertical dot-
ted line represents the bare Zeeman frequency 75fo = 56.398
MHz, where we expect to observe the central peak if the
Knight shift 75K was vanishingly small. Inset: The tempera-
ture dependence of the c-axis component of the 75As nuclear
quadrupole frequency 75νcQ. For clarity, we assume
75νcQ > 0
at 4.2 K. The solid curve is a guide for the eyes.
quadrupole frequency 75νcQ, possibly due to the presence
of defects or vacancy sites. 75νQ is a traceless tensor,
i.e. 75νaQ +
75 νbQ +
75 νcQ = 0, and is proportional to
the EFG (Electric Field Gradient) tensor at the observed
75As site. NMR measurements alone do not allow us to
determine the sign of EFG and 75νcQ. The observed mag-
nitude of |75νcQ| = 0.96 MHz at 4.2 K is comparable to
|75νcQ| = 2.4 MHz observed for the optimally supercon-
ducting Ba(Fe0.9Co0.1)2As2 (Tc = 22 K) [7].
We summarize the temperature dependence of 75νcQ
in the inset to Fig. 1, assuming that 75νcQ has a posi-
tive sign at 4.2 K. We emphasize that this assumption
is made genuinely for convenience, to avoid confusions in
the following discussions. |75νcQ| gradually decreases with
temperature up to ∼ 200 K, where the satellite transi-
tions are superposed with the central transition. This
smooth temperature dependence is presumably caused
by the thermal expansion of the lattice, which tends to
3decrease the magnitude of the lattice contribution [15]
to 75νcQ. At ∼ 290 K, |
75νcQ| = 0.5 MHz becomes siz-
able, and we can observe distinct satellite peaks again.
The implicit assumption made in our plot in the inset
to Fig. 1 is that there is a negative, on-site ionic con-
tribution to 75νcQ [15]. Our experimental results do not
rule out an alternative possibility that the sign of 75νcQ
remains the same, and |75νcQ| increases from ∼ 200 K to
∼ 290 K. It is also interesting to recall that |75νcQ| in the
iso-structural SrCo2As2 is as large as ∼ 10 MHz [13]. An
order of magnitude difference in |75νcQ| suggests that the
local charge and/or lattice environment at the As sites
is markedly different between the two materials, which
may be related to the fact that BaCo2As2 is ferromag-
netically correlated, as shown below, while SrCo2As2 is
antiferromagnetically correlated [14].
2. NMR Knight shift 75K
In Fig. 2(a), we present the temperature dependence
of 75As NMR Knight shift, 75K = (75f −75 fo)/
75fo,
where 75f is the observed peak frequency of the central
transition, 75fo is the bare Zeeman frequency
75fo =
75
γnB = 56.398 MHz, and the
75As nuclear gyromagnetic
ratio is 75γn/2pi = 7.2919MHz/T. The positive frequency
shift from 75fo to
75f is caused by the Knight shift 75K
through hyperfine interactions with electron spins polar-
ized by the applied field B. For comparison, we also
present 75K reported earlier for Ba(Fe1−xCox)2As2 for
representative compositions with x = 0 (SDW ordered
below TSDW ∼ 135 K), x = 0.08 (superconducting be-
low Tc ∼ 25 K), and x = 0.26 (overdoped paramagnetic
metal) [9].
Quite generally, 75K may be represented as
75K = Σj
(
A
(j)
HF
NAµB
)
· χ
(j)
spin +
75 Kchem, (1)
where NA is Avogadro’s number, and
75Kchem is the
chemical shift. The latter may be considered temper-
ature independent unless we are dealing with unusual
circumstances, such as a change of the valence at the
Co sites or a structural phase transition. χ
(j)
spin is the
j-th component of the spin susceptibility, and A
(j)
HF is
the hyperfine coupling between the observed nuclear spin
and the electrons contributing to χ
(j)
spin. The super-
script j represents the band or orbital indices, account-
ing for different contributions with potentially distinct
temperature dependences. We recall that all of the
five 3d Fe and Co orbitals may contribute to multiple
electronic bands in Ba(Fe1−xCox)2As2 and related com-
pounds [10, 11, 13, 16–18]; in principle χ
(j)
spin associated
with different bands may exhibit different temperature
dependences. Analogous situation was encountered for
Sr2RuO4 [19]. In what follows, we need to keep in our
mind that 75K is an average of various contributions of
χ
(j)
spin weighted by A
(j)
HF .
We find two striking features in our 75K data in
Fig. 2(a). First, the magnitude of 75K in BaCo2As2 is
much greater than that observed for Ba(Fe1−xCox)2As2
with x ≤ 0.26. This observation is consistent with
the fact that χbulk is also nearly an order of magni-
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FIG. 2: (Color Online) (a) (Left axis) Comparison of the
75As NMR Knight shift 75K observed for BaCo2As2 (•) and
Ba(Fe1−xCox)2As2 for representative compositions: () the
SDW phase x = 0 with TSDW = 135 K, (◦) the supercon-
ducting phase x = 0.08 with Tc = 22 K, and () the over-
doped non-superconducting metallic phase with x = 0.26.
Vertical arrows mark the superconducting transition temper-
ature Tc for x = 0.08 and SDW transition temperature TSDW
for x = 0. (Right axis) The bulk susceptibility χbulk (mea-
sured in 0.1 T) of BaCo2As2 matched with
75K. The wide
horizontal dashed line represents the approximate value of
75Kchem = 0 ∼ 0.2%, which corresponds to the temperature
independent contribution χ
(2)
spin = 2.5 ∼ 3 × 10
−3 emu/mol.
(b) Temperature dependence of 1/T1T . The symbols are the
same as in (a).
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FIG. 3: (Color Online) The Knight shift 75K in BaCo2As2
plotted as a function of χbulk with temperature as the implicit
parameter. The linear fit through the data point shows the
linear relation between 75K and χ
(1)
spin(T ). Slight deviation
from the linear fit at low temperatures (shown with open cir-
cles) is caused by a small impurity contribution in χbulk below
∼ 10 K, as evident in Fig. 2(a). For comparison, we also show
the corresponding result reported for SrCo2As2 [13].
tude greater in BaCo2As2. Second, the observed tem-
perature dependence of 75K is qualitatively different
from that of Ba(Fe1−xCox)2As2. In the latter,
75K de-
creases with temperature, reflecting the common trend
in all iron-based high Tc superconductors, including
LaFeAs(O1−xFx) [20, 21], FeSe [22], and KxFe2−ySe2
[23–25]. Instead, 75K in BaCo2As2 increases with de-
creasing temperature from 300 K, reaches a plateau be-
low ∼ 200 K, followed by a rapid growth below ∼ 100
K.
Also plotted in Fig. 2(a) using the right axis is the
temperature dependence of the bulk magnetic suscepti-
bility χbulk measured in 0.1 Tesla applied along the c-axis
[10]. The observed temperature dependence is qualita-
tively the same as that of 75K. The upturn observed
below ∼ 10 K only for χbulk is presumably caused by
a small impurity contribution obeying the Curie’s law,
∼ 1/T , because it is absent in the 75K data. We note
that 75K is generally immune from the presence of im-
purity phases, and saturates below ∼ 20 K. In Fig. 3,
we plot 75K as a function of χbulk with temperature as
the implicit parameter. The straight line observed in a
wide range of temperature implies that the temperature
dependence of 75K is indeed dominated by the temper-
ature dependent component of χbulk, which we refer to
χ
(1)
spin(T ).
In the case of Ba(Fe1−xCox)2As2, the temperature
independent chemical shift 75Kchem is known to be at
most ∼ 0.2% [7, 26]. Recent 75As NMR results for
other compounds with Co2+ ions, SrCo2As2 [13] and
LaCoAsO [27], also suggest that 75Kchem is negligibly
small, and hence the extrapolation of the linear fit of the
75K vs. χbulk goes through the origin. We reproduce
such a linear fit observed for SrCo2As2 [13] in Fig. 3.
In contrast with the case of SrCo2As2, the linear fit for
BaCo2As2 crosses the horizontal axis at a large posi-
tive value of ∼ 2.5 × 10−3 emu/mol. This term is too
large to be attributed to the Van Vleck contribution,
χV V , which is of the order of χV V ∼ 10
−4 emu/mol
for 3d bands with a typical band width of ∼ 1 eV. We
therefore conclude that there is another temperature in-
dependent contribution χ
(2)
spin ∼ 2.5 × 10
−3 emu/mol in
χbulk, and we may separate the overall spin contribu-
tion into two, χbulk ∼ χ
(1)
spin(T ) + χ
(2)
spin. We show these
two separate contributions schematically with two ver-
tical arrows in Fig. 2(a). Both the temperature depen-
dent χ
(1)
spin(T ) and temperature independent χ
(2)
spin are an
order of magnitude greater than the bare spin suscepti-
bility, χLDA ∼ 2.4 × 10
−4 emu/mol, estimated by LDA
calculations [10].
We can use Eq. (1) to estimate the hyperfine cou-
pling A
(1)
hf with Co spins in the band that is respon-
sible for χ
(1)
spin(T ). From the slope in Fig. 3, we esti-
mate A
(1)
hf = 3.9 T/µB. This value is comparable to
Ahf = 4.5 T/µB reported for SrCo2As2 [13], and approx-
imately twice larger than Ahf = 1.9 T/µB reported for
BaFe2As2 [26]. The stronger hyperfine coupling might be
an indication that Co orbitals responsible for enhanced
ferromagnetic correlations hybridize very strongly with
As 4s and/or 4p orbitals. On the other hand, Fig. 2(a)
and Fig. 3 suggest that the χ
(2)
spin term has a very little
contribution to 75K, which in turn implies that the hy-
perfine coupling A
(2)
hf with the Co 3d orbitals that are
responsible for χ
(2)
spin is much weaker than A
(1)
hf .
The electronic band structure calculations and ARPES
measurements for BaCo2As2 revealed two new distinct
features compared with the case of BaFe2As2: a small
electron pocket near the Γ point, which may favor fer-
romagnetic correlations, and a flat band, which tends to
results in a large density of states (and hence a large con-
tribution to Pauli susceptibility) [10–12]. Therefore we
tentatively attribute χ
(1)
spin(T ) to the electron pocket near
the Γ point, while the temperature independent χ
(2)
spin pri-
marily to the flat portion of the band. We cannot rule
out other scenarios, and call for additional theoretical
analysis of the band contributions to spin susceptibility
in BaCo2As2.
3. Low Frequency Spin Fluctuations As Investigated By
Nuclear Spin-Lattice Relaxation Rate 1/T1
In Fig. 2(b), we present the temperature dependence of
1/T1T , i.e.
75As nuclear spin-lattice relaxation rate 1/T1
divided by temperature T . In general, 1/T1T is a mea-
sure of the low-frequency component of spin fluctuations
at the NMR frequency 75f integrated over various wave
vector q modes in the first Brillouin zone [28]. 1/T1T
5for BaCo2As2 is nearly a factor of ∼ 2 larger than that
observed for the paramagnetic state of BaFe2As2 with a
SDW ground state. This may be partly because the hy-
perfine couplings are twice larger in the present case, as
discussed in the previous section.
It is important to realize that the temperature depen-
dence of 1/T1T observed for BaCo2As2 below ∼ 200 K is
qualitatively similar to that of the uniform q = 0mode of
the spin susceptibility, χ
(1)
spin(T ). This finding is different
from the case of Ba(Fe1−xCox)2As2, where the growth
of 1/T1T at low temperatures is caused by antiferromag-
netic spin fluctuations [7–9], and hence the uniform spin
susceptibility does not grow at low temperatures. These
considerations lead us to conclude that the primary chan-
nel of the electronic correlations in BaCo2As2 is ferro-
magnetic in nature.
IV. SUMMARY AND CONCLUSIONS
We have reported NMR measurements of local spin
susceptibility and low frequency spin fluctuations of
BaCo2As2. We demonstrated that both the NMR Knight
shift 75K and 1/T1T grow toward T = 0 due to ferromag-
netic spin correlations. Our conclusion is in agreement
with earlier results based on bulk susceptibility and spe-
cific heat data, combined with LDA calculations [10]. In
addition, our results in Fig. 2 show that the so-called
Korringa ratio, S = 4pikB
~
(γn
γe
)2T1TK
2 [28], is as large
as ∼10.3 at 4.2 K. Ignoring the potential complications
arising from the quasi-two dimensionality, the multi-band
nature of the electronic states, and the wave-vector de-
pendence of hyperfine couplings, such a large Korringa
ratio, S ∼ 10.3, is indeed consistent with the presence of
ferromagnetic correlations.
Our findings are in a remarkable contrast with the
case of the other end member, BaFe2As2, with a SDW
ordered ground state, and modestly Co-substituted su-
perconducting Ba(Fe1−xCox)2As2. In these cases, the
growth of spin fluctuations reflected on 1/T1T is not ac-
companied by that of 75K, because the dominant correla-
tion effects are antiferromagnetic at least up to x ∼ 0.15
[9]. Our new NMR results are also qualitatively different
from those reported for SrCo2As2 [13] with a nearly anti-
ferromagnetic ground state [14]; both NMR Knight shift
and 1/T1T decrease with temperature toward T = 0 in
SrCo2As2. It remains to be seen why the electronic prop-
erties are so different between BaCo2As2 and SrCo2As2.
From the comparison of χbulk and
75K, we also in-
ferred that ferromagnetic enhancement does not affect
all electronic bands. Some Co 3d electrons contribute
to a temperature dependent term of spin susceptibility,
which grows to χ
(1)
spin(T ) ∼ 3×10
−3 emu/mol at 4.2 K. On
the other hand, an equally large but temperature inde-
pendent contribution, χ
(2)
spin ∼ 2.5×10
−3 emu/mol, arises
from Co 3d orbitals with smaller hyperfine couplings with
75As nuclear spins. The latter implies that these Co 3d
orbitals have weaker hybridization with As 4s and 4p
orbitals. Preliminary 59Co NMR measurements showed
that the 59Co NMR Knight shift 59K exhibits analogous
temperature dependence as 75As NMR Knight shift 75K.
The sign of 59K in the present case, however, is negative,
rather than positive observed in Ba(Fe0.9Co0.1)2As2 [7].
The reversal of the sign suggests that the hyperfine cou-
pling of Co orbitals, and hence the nature of their hy-
bridization, is different in the present case. We caution
that our NMR data and analysis do not entirely rule out
the possibility of antiferromagnetic spin correlations as-
sociated with χ
(2)
spin. In this context, it is worth recalling
that another well-known multi-band system, Sr2RuO4,
turned out to exhibit strong antiferromagnetic spin cor-
relations for two of the three bands, contrary to the initial
expectations held by many authors [29].
It is natural to speculate that χ
(1)
spin and χ
(2)
spin arise
from separate parts of the Fermi surface, such as the
electron pocket near the Γ point and the flat portion
of the band with a large density of states, respectively.
Regardless of their origins, our finding implies that
Hund’s coupling is not strong enough in BaCo2As2 to
force all seven 3d electrons at Co2+ sites to exhibit
an identical behavior. In this sense, the magnetism
in BaCo2As2 seems more itinerant in character than
localized, in agreement with the fact that resistivity
shows a Fermi liquid behavior below ∼ 60 K [10].
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